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A b s t r a c t -Making u s e of t h e high-performance focusing-type ToF atom-probe, we have examined d e t e c t i o n e f f i c i e n c y of a micro-channelplate on a n a b s o l u t e s c a l e . The d e t e c t i o n e f f i c i e n c y f o r s i n g l e i o n impacts i s approximately
60%, c l o s e t o t h e f r a c t i o n of t h e a c t i v e channel a r e a of t h e s u r f a c e .
It may i n c r e a s e s l i g h t l y , b u t no more t h a n a few p e r c e n t c o n t r a r y t o P a n i t z ' s clame, even t h e f r o n t s u r f a c e i s p o s i t i v e l y biased.
I n t r o d u c t i o n
For l a s t decade o r two, micro-channelplate e l e c t r o n m u l t i p l i e r s ( c h a n n e l p l a t e s ) have been used more and more f r e q u e n t l y i n v a r i o u s f i e l d s of s c i e n c e s and e n g i n e e r i n g s f o r d e t e c t i n g charged p a r t i c l e s ( i o n s and e l e c t r o n s ) and photons. The d e t e c t i o n e f f i c i e n c y i s of primary importance and has been i n v e s t i g a t e d a s a f u n c t i o n l o f i n c i d e n t beam's energy and a n g l e a s w e l l a s chemical s p e c i e s i n t h e c a s e of ions.
The o b t a i n e d r e s u l t s , however, s c a t t e r widely. Furthermore i t i s r a t h e r d i f f i c u l t t o measure an a b s o l u t e d e t e c t i o n e f f i c i e n c y , p a r t i c u l a r l y i n t h e c a s e of s i n g l e i o n impacts.
Although i t h a s been g e n e r a l l y assumed t h a t t h e maximum d e t e c t i o n e f f i c i e n c y of t h e c h a n n e l p l a t e i s approximately e q u a l t o t h e v a l u e corresponding t o t h e f r a c t i o n of t h e a c t i v e s u r f a c e a r e a occupied by t h e channels and may n o t i n c r e a s e much, some people s p e c u l a t e d t h a t i t may i n c r e a s e s i g n i f i c a n t l y under f a v o r a b l e c o n d i t i o n s . P a n i t z clamed i n t h e l a s t y e a r ' s FE Symposium t h a t t h e d e t e c t i o n e f f i c i e n c y of a c h a n n e l p l a t e manufactured by G a l i l e o Electro-Optics (GEO) can reach c l o s e t o 100% when i t s f r o n t s u r f a c e i s biased a t approximately 20 g o l t s and t h a t t h i s i n f o r m a t i o n h a s been made a v a i l a b l e i n a mannual s u p p l i e d by GEO.
I n t h i s paper, making yse of o u r focusing-type time-of-flight atom-probe with a 100 % d e t e c t i o n e f f i c i e n c y , we r e p o r t t h a t p r e c i s e d e t e r m i n a t i o n of a n a b s o l u t e d e t e c t i o n e f f i c i e n c y o f a c h a n n e l p l a t e can be made i n t h e c a s e of an i o n beam, where t h i s value i s most sought a f t e r . W e have found t h a t it never exceeds t h e f r a c t i o n of t h e a c t i v e a r e a by more than 4 %, r e g a r d l e s s of t h e p o s i t i v e v o l t a g e a p p l i e d t o t h e f r o n t s u r f a c e of t h e c h a n n e l p l a t e c o n t r a r y t o t h e clame by P a n i t z .
Technique
The atom-probe we employed i n t h i s study has a unique c a p a b i l i t y o f focusing t h e i o n beam, which field-evaporated from t h e e m i t t e r s u r f a c e and e n t e r e d i n t o t h e probe-hole, i n t o a t i n y s p o t of 1 mm diameter a t t h e d e t e c t o r p o s i t i o n a f t e r t h e Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1986265 c2-426 JOURNAL DE PHYSIQUE f l i g h t p a t h of 3000 mm (Fig. 1) . This f o c u s i n g power e n a b l e s us t o adapt a c h a n n e l t r o n ( e l e c t r o n m u l t i p l i e r ) which a t t a i n s 100 % d e t e c t i o n e f f i c i e n c y t o c o l l e c t and d e t e c t a l l t h e incoming i o n s . T h i s superb performance of t h e 100 % d e t e c t i o n e f f i c i e n c y of t h e atom-probe h a s been demonstrajgd u s i n g v a r i o u s specimen The 2" chevron c h a n n e l p l a t e a t t h e a u x i l i a r y chamber (B), newly introduced i n f r o n t of t h e ToF s e c t i o n , e n a b l e s one t o view t h e probing a r e a without ambiguity d u r i n g atom-probe a n a l y s i s . And t h i s a l s o h e l p e s one o b t a i n t h e b e s t alignment of i o n beam, e s s e n t i a l f o r t h e superb focusing of t h e i o n beam.
(incident ion beam\ i (l(( 1 1 1 chevron Fig. 2 . Schematic of t h e arrangement of c h a n n e l p l a t e and c h a n n e l t r o n d e t e c t o r s mounted on a s i n g l e s t a t i o n . E i t h e r one can be placed a t t h e p o s i t i o n of t h e atom-probe s i g n a l w i t h simple f l i p -f l o p motion and can be used f o r s i g n a l d e t e c t i o n . This e n a b l e s us t o test and compare t h e performance of two d e t e c t o r s under e x a c t l y t h e same c o n d i t i o n s .
The method used h e r e i s a well-known technique of layer-by-layer f i e l d evaporation. When t h e well-defined s u r f a c e p l a n e , such a s t h e (110) p l a n e , i s placed o v e r t h e probe-hole and p u l s e d -f i e l d e v a p o r a t i o n i s a d m i n i s t e r e d , cumulative number of t h e d e t e c t e d i o n s a g a i n s t cumulative number of e v a p o r a t i o n t r i g g e r p u l s e s 7 d i s p l a y s a ladder-shape s t r u c t u r e .
The s t e p h e i g h t corresponds t o t h e t o t a l number of s i g n a l s d e t e c t e d from t h e i n d i v i d u a l s i n g l e l a y e r p r o j e c t e d over t h e probe-hole. Our channeltron d e t e c t o r which d e t e c t s a l l t h e incoming s i g n a l s can be used a s an i d e a l monitor of i o n beam i n t e n s i t y , N , where N i s defined a s t h e number of d e t e c t e d i o n s / l a y e r covered by
t h e probe-hoPe. 0 An a b s o l u t e d e t e c t i o n e f f i c i e n c y of o t h e r types of s i g n a l d e t e c t o r s , channelplates i n t h e p r e s e n t c a s e , can b e r e a d i l y obtained by d i v i d i n g t h e beam i n t e n s i t y measured by t h e s p e c i f i c d e t e c t o r , Nx, from t h e same s u r f a c e under t h e same c o n d i t i o n , by t h a t of channeltron, No (Fig. 2 ).
Result I: Detection e f f i s i e n e n c y of 5 channeltron --W e demonstrate t h e 100% d e t e c t i o n e f f i c i e n c y of our focusing-type ToF ---atom-probe using MO-Re a l l o y s .
It has been known f o r some time t h a t a n impurity atom on t h e e m i t t e r s u r f a c e may appear b r i g h t e r than t h e r e s t i n FIM. The s o l u t e Re atom i n MO-Re a l l o y s may b e such a case. The b r i g h t atoms randomly d i s p e r s e d i n t h e MO F1 image were assumed t o be Re atoms s i t t i n g on t h e s u r f a c e , based on t h e c l o s e c o r r e l a t i o n between t h e number f f n s i t y of t h e b r i g h t s p o t s and t h e bulk Re c o n c e n t r a t i o n s of various MO-Re a l l o y s .
However no attempts by atom-probe have been s o f a r s u c c e s s f u l t o p o s i t i v e l y i d e n t i f y such random b r i g h t atoms as Re, ~$ o l q b l y because of t h e i n s u f f i c i e n t d e t e c t i o n e f f i c i e n c y of t h e instrument.
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W e have succeeded i n p o s i t i v e i d e n t i f i c a t i o n of Re atoms, using our newly b u i l t focusing-type ToF atom-probe.
The unique f e s t u r e s of t h i s instrument c l o s e l y r e l a t e d i n t h i s work a r e : ( 1 ) The a d d i t i o n o f t h e 2" chevron channelplate-screen assembly ( Fig. 1. 
( B ) ) i n f r o n t of t h e ToF s e c t i o n , which helpes us achieve p r e c i s e alignment of ToF i o n o p t i c s with r e s p e c t t o t h e e m i t t e r . A l a r g e Poschenrieder focusing l e n s t o g e t h e r w i t h t h i s optimum alignment has enabled us t o achieve a good focusing of t h e i o n beam i n t o a spot of 1 m m diameter and ( 2 ) Use of a channeltron a s an atom-probe s i g n a l d e t e c t o r (Fig. 2) i n s t e a d of a conventional channelplate. This i s e s s e n t i a l f o r us t o achieve 100% d e t e c t a b i l i t y of t h e incoming ions.
The sample used i n t h i s work i s a MO-0.3atXRe a l l o y , and was chosen because t h i s l e v e l of Re impurity e n a b l e s us t o achieve t h e optimum c o n d i t i o n i n FIM o p e r a t i o n a s t o t h e number d e n s i t y of b r i g h t s p o t s and q u a l i t y of F1 image.
The atom-probe a n a l y s i s of t h e bulk of t h i s a l l o y showed t h a t the Re l e v e l is 0.33+0.08at%, i n good agreement with t h e nominal v a l u e obtained by chemical a n a l y s i s . The pulsed-Iield evaporation was c a r r i e d out a t t i p temperature of 60 K, i n t h e presence of 10 Pa of t h e He and 20% Ne g a s mixture, using t h e pulse r a t i o of 0.12.
Under t h i s c o n d i t i o n , t h e s u r f a c e image can be c l e a r l y observed during f i e l d evaporation experiment using both t h e 5" s i n g l e channelplate a t t h e main FIM chamber and th5+2" c vron ch n e l l a t e a t t h e a u x i l i a r y chigber. MO atoms a r e ( 1 ) A b r i g h t spot appeared i n t h e (110) plane during slow p u l s e f i e l d -e v a p o r a t i o n was placed a t t h e c e n t e r of probe-hole f o r mass a n a l y s i s .
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( 2 ) I t s exact p o s i t i o n w i t h i n a probe-hole was examined, a d j u s t e d p r e c i s e l y , and recorded photographically using t h e chevron channelplate-screen assembly a t t h e a u x i l i a r y chamber.
(
) F i e l d evaporation p u l s e s were administered u n t i l a s i g n a l was d e t e c t e d by t h e atom-probe channeltron d e t e c t e r .
The image within t h e probe-hole was examined using the 2" chevron channelplate a t t h e a u x i l i a r y chamber every 5 t r i g g e r p u l s e s i f no s i g n a l was r e g i s t e r e d during those 5 
p u l s e s t o make s u r e t h a t t h e b r i g h t s p o t s t i l l remain a t t h e o r i g i n a l p o s i t i o n . ( 4 ) When t h e s i g n a l i s obtained, t h e s u r f a c e was examined again t o make s u r e t h a t t h e s i g n a l we obtained corresponds t o t h e b r i g h t s p o t being aimed. This was continued u n t i l t h e b r i g h t s p o t disappeared and then next b r i g h t spot was examined. With t h i s a l l o y , t h e b r i g h t spot on t h e (110) plane reappeares by evaporating t h e s u r f a c e by approximately every f i v e t o t e n l a y e r s . Since t h e s e b r i g h t s p o t s on t h e (110) plane a r e exposed t o t h e s l i g h t l y higher f i e l d than the s u b s t r a t e atoms, they can be f i e l d evaporated e a s i l y and i n a well-controlled fashion. Indeed t h e s e b r i g h t s p o t s d i d evaporate w i t h i n f i r s t s e v e r a l p u l s e s keeping t h e r e s t of t h e s u r f a c e i n t a c t .
A t y p i c a l r e s u l t i s shown i n Fig. 3 . Using one p a r t i c u l a r sample, 27 b r i g h t c2-428 JOURNAL DE PHYSIQUE s p o t s appeared on t h e (110) plane by e v a p o r a t i n g over 300 l a y e r s were examined and a l l of them were d e t e c t e d and i d e n t i f i e d a s Re i o n s e x c e p t one. I n Fig. 3 
, open c i r c l e s ( 0 ) r e p r e s e n t t h e s u c c e s s f u l i d e n t i f i c a t i o n of t h e b r i g h t s p o t s a s Re atoms l o c a t e d a t v a r i o u s p o s i t i o n s w i t h i n t h e (110) plane. Cross ( X ) i n d i c a t e s t h e u n s u c c e s s f u l c a s e where t h e b r i g h t spot: disappeared during t h e f i e l d e v a p o r a t i o n
without any s i g n a l r e g i s t e r e s a t t h e c h a n n e l t r o n d e t e c t o r . No s i g n a l was d e t e c t e d i n t h i s c a s e probably due t o ( 1 ) exceedingly l a r g e energy d e f i c i t d u r i n g t h e f i e l d e v a p o r a t i o n o r ( 2 ) unexpectedly l a r g e d e v i a t i o n of t h e i o n t r a j e c t o r y o c c a s i o n a l l y s e e n i n pulsed f i e l d evaporation.
This r e s u l t c l e a r l y shows t h a t o u r focusing-type ToF atom-probe w i t h t h e c h a n n e l t r o n d e t e c t o r can achieve p r a c t i c a l l y 100% d e t e c t i o n e f f i c i e n c y . 
t i f i c a t i o n of t h e b r i g h t p o t s by t h e atom-probe ( a l l a r e d e t e c t e d as Re3' ).
Cross ( X ) r e p r e s e n t s t h e u n s u c c e s s f u l c a s e where t h e b r i g h t s p o t disappeared without d e t e c t i o n . 
R e s u l t 11: D e t e c t i o n e f f i c i e n c y o f 5 c h a n n e l p l a t e --
Using a s m a l l cone-angle W e m i t t e r w i t h t h e r l l O ] o r i e n t a t i o n f i e l d e v a p o r a t i o n
was c a r r i e d o u t and t h e beam i n t e n s i t y measuremen; was performed a f t e r we haGe e s t a b l i s h e d t h a t t h e s u r f a c e contour of t h e e m i t t e r remains e s s e n t i a l l y unchanged by continuous evaporation.
The i o n bean i n t e n s i t y was measured u s i n g both c h a n n e l t r o n ( GEO Model 64028 ) and c h a n n e l p l a t e ( GEO Model t3040 ) d e t e c t o r s by p l a c i n g t h e probe-hole a t t h e (110) plane and by performing layer-by-layer e v a p o r a t i o n i n 6 x l 0 -~ Pa He g a s i n t h e range of e v a p o r a t i o n v o l t a g e of 10.39KV t o 10.69KV ( Fig. 4) . W e n o t e t h a t simple f l i p -f l o p motion b r i n g e i t h e r c h a n n e l p l a t e o r c h a n n e l t r o n t o t h e d e t e c t o r p o s i t i o n without changing any o t h e r experimental c o n d i t i o n s . Thus t h e performance of b o t h d e t e c t o r s can be compared on an a b s o l u t e s c a l e . The beam i n t e n s i t y was determined by a v e r a g i n g t h e s i g n a l s o v e r 20 t o 30 l a y e r s , because of some f l u c t u a t i o n of t h e measured beam i n t e n s i t y from one l a y e r t o another.
The r e s u l t i s shown i,n Fig. 5 . Due t o t h e f a v o r a b l e e m i t t e r shape having e s s e n t i a l l y a c o n s t a n t r a d i u s , t h e beam i n t e n s i t y ( i o n s / l a y e r ) was found t o remain c o n s t a n t throughout t h i s experiment which i s e v i d e n t i n t h i s f i g u r e . The 
. Cumulative number of d e t e c t e d W i o n s i s p l o t t e d
a g a i n s t cumulative number of e v a p o r a t i o n t r i g g e r p u l s e s , a l t e r n a t i v e l y u s i n g c h a n n e l t r o n ( A ) and c h a n n e l p l a t e ( B ) d e t e c t o r s . Layer-by-layer e v a p o r a t i o n i s e v i d e n t i n t h i s f i g u r e .
I n t h e c a s e of a c h a n n e l p l a t e d e t e c t o r , t h e f r o n t p o t e n t i a l s i n v o l t s a r e : B1, 0; B2, 98; and B3, 50. channeltron was operated i n t h e p u l s e counting mode ( o r s a t u r a t i o n mode ) and has y i e l d e d N = 61.1 + 6.0 i o n s / l a y e r . The o p e r a t i n g c o n d i t i o n f o r t h e channelplate was v a r i e g changing t h e f r o n t s u r f a c e p o t e n t i a l Vf from -1.6 kV t o 1 . 3 kV t o t e s t P a n i t z ' s clame. However t h e measured i n t e n s i t y d i d not change more than 4 X and is 34.8 f 5.0 i o n s / l a y e r . Fig. 6 shows e x p l i c i t l y t h e e f f e c t of t h e p o t e n t i a l a p p l i e d t o t h e f r o n t s u r f a c e t o t h e d e t e c t i o n e f f i c i e n c y . Panitz argued t h a t a small p o s i t i v e p o t e n t i a l Vf applied t o t h e f r o n t s u r f a c e of t h e channelplate e f f e c t i v e l y a t t r a c t s and c o l l e c t s t h e secondary e l e c t r o n s produced by i o n s impact bebween channels and thus may i n c r e a s e t h e d e t e c t i o n e f f i c i e n c y c l o s e t o 100 %. We have observed no such s i g n i f i c a n t improvement i n t h e d e t e c t i o n e f f i c i e n c y though t h e d a t a point a t V = 98 V does l i e s l i g h t l y ( 4 % ) above t h e o t h e r values.
Gao e t a l . a l s o reporgs t h a t a p p l i c a t i o n of a p o s i t i v e p o t e n t i a l of approximately 20 V t o t h e f r o n t s u r f a c e i n c r e a s e s t h e r e l a t i v e d e t e~t i o n e f f i c i e n~y ,~b u t only by 20 X, i n t h e c a s e of a medium i n t e n s i t y beam ( 10 3 -10 i o n s / s e c / cm ). The reason f o r our observation i s simple and s t r a i g h t f o r w a r d . It i s indeed p o s s i b l e t o c o l l e c t some (%60%) of t h e secondary e l e c t r o n s emitted outward a t t h e f r o n t s u r f a c e of t h e channelplate by applying a p o s i t i v e p o t e n t i a l . However t h e energy of those secondary e l e c t r o n s i s i n t h e range of 3 t o 5 e V and the d e t e c t i o n efficif:5y5of t h o s e low energy e l e c t r o n s i s extremely small a s i s reported by many authors.
This i s why t h e g a i n of a channeltron e l e c t r o n m u l t i p l i e r i s a s t r o n g f u n c t i o n of t h e v o l t a g e applied between two ends of a channel.
W e have examined only two channelplates supplied by G a l i l e o Electro-Optics with d i f f e r e n t b i a s angles. However t h e p r e s e n t conclusion can be r e a d i l y generalized. Other channelplates by d i f f e r e n t manufactures should show e s s e n t i a l l y t h e same r e s u l t s s i n c e t h e b a s i c f e a t u r e t h a t t h e p o r t i o n of t h e a c t i v e channel a r e a i s i n t h e range of 60% of t h e t o t a l s u r f a c e a r e a do not vary from one c h a n n e l p l a t e t o a n o t h e r . The b i a s a n g l e and semiconductor c o a t i n g o f t h e channel a f f e c t o n l y t h e g a i n but n o t t h e e f f i c i e n c y .
Conclusion
We r e p o r t t h e measurement of t h e d e t e c t i o n e f f i c i e n c y of a c h a n n e l p l a t e m u l t i p l i e r i n t h e c a s e of s i n g l e i o n impacts without any ambiguity. The a b s o l u t e d e t e c t i o n e f f i c i e n c y of t h e c h a n n e l p l a t e i s determined t o b e 57 + 8 % i n t h i s study. This value i s v e r y c l o s e t o t h e f r a c t i o n of t h e a c t i v e channel a r e a of t h e f r o n t c h a n n e l p l a t e s u r f a c e and a l s o a g r e e s w e l l w i t h t h e independent measurement by Gao e t a l . u s i n g a medium i n t e n s i t y i o n beam. T h i s i m p l i e s t h a t a c h a n n e l p l a t e i s r a t h e r a poor c h o i c e of t h e d e t e c t o r when used i n atom-probe FIM's by which opg o f t e n t r i e s t o analyze i n d i v i d u a l atoms of i n t e r e s t a t s u r f a c e s o r i n t e r f a c e s .
Even f o r b u l k a n a l y s i s , t h e sampling speed i s reduced by a s much a s 40 % u s i n g a c h a n n e l p l a t e d e t e c t o r .
